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ABSTRACT
In response to the extensive energy demands on national and global levels, concentrated
solar power (CSP) plants are designed to harness and convert solar energy to electricity. For such
green energy application, robust, reliable and durable materials for CSP constructions are
required. The corrosion resistance is among many parameters to consider in these thermalelectrical stations such as for pipes and storage tanks in CSP. In this investigation, the corrosion
behavior of AISI 304 stainless steel (18 wt. % Cr, 8 wt. % Ni) with the heat transfer fluid, also
known as solar salt, has been examined. The ternary eutectic salt mixture with the composition,
53 wt. % KNO3, 40 wt. % NaNO2, and 7 wt. % NaNO3, that melts at 142°C, has a potential use
in CSP as a heat transfer fluid. The solar salt was prepared for this corrosion study from reagent
grades of high purity nitrites and nitrates. Samples of AISI 304 stainless steel were sectioned
from a sheet stock of the alloy and exposed to solar salt at 530°C in air at 1 atmospheric
pressure. After test intervals of 250, 500, and 750 hours in total immersion condition, AISI 304
stainless steel samples have developed a scale of corrosion products made up of multiple oxides.
X-ray diffraction and scanning electron microscopy with X-ray energy-dispersive spectroscopy
were employed to examine the extent of corrosion and identify the corrosion products.
Transmission electron microscopy was used to verify the corrosion products identity via electron
diffraction patterns. Oxides of iron were found to be the primary corrosion products in the
presence of the molten alkali nitrates-nitrite salt mixture because of the dissolution of the
protective chromium oxide (Cr2O3) scale formed on AISI 304 stainless steel coupons. The
corrosion scale was uniform in thickness and made up of sodium iron oxide (NaFeO2), iron
oxide, hematite (Fe2O3), and chromium-iron oxide (Cr,Fe)2O3 solid solution. The latter was
iii

found near the AISI 304 stainless steel. This indicates that the scale formed, particularly on the
upper layers with presence of sodium iron oxide and iron oxide, hematite, is protective, and
forms an effective barrier against penetration of fused solar salt. At the alloy interface with the
bulk corrosion scale, the corrosion process induced a compositional modification in the grains
located at the interface. There are iron rich and iron depleted grains at the interface if compared
to the nominal iron content of the alloy. The mode of attack is identified as uniform at the test
temperature of 530°C, showing a parabolic behavior with a parabolic rate constant (Kp) equals to
(m2/sec). By extrapolation, annual corrosion rate is estimated to reach 0.784 mils
per year. Corrosion behavior of AISI 304 stainless steel is discussed in terms of thermodynamics
and reaction paths.
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CHAPTER ONE: INTRODUCTION
With the increasing demands for energy consumption, a new field of green and safe
energy generation approach emerges from using sun light with promising environmental and
commercial benefits. The use of sun light has been well known for many applications since
ancient times. In 212 BC, a fleet of roman military ships had set a course toward the city of
Syracuse in Sicily with the intention of invasion as a result of political conflicts between
Syracuse and the Roman Empire. As the Roman ships were approaching, a concentrated sun
light was directed from Syracuse sea shores toward the ships. The concentrated sun light had set
the roman ships on fire delaying the invasion. As historians believe, it was the invention of
Archimedes that repelled the roman invasion by using sun light that was concentrated by mirrors
toward the ships. Whether the story has a real basis or not, sun light holds a high amount of
thermal energy once it is concentrated at one point. Using this concept, solar power generation
stations have been built to harness and convert sun light to electricity.

1.1 Technologies for Extracting Solar Energy
There are two ways by which sun light is used to generate power. First, for the
photovoltaic fields shown in Figure1; PV fields of solar cells, convert sun light photons directly
to electricity. Second, concentrated solar plants (CSP) use the principle of focusing sun rays
toward one point from which high thermal energy is extracted.
In general, CSP technologies are divided into three groups: parabolic trough lines, dish
concentrators, and power tower technologies. In the parabolic troughs lines technology, shown in
Figure 2, trough reflectors made from a highly reflective material with parabolic cross sections
1

are placed to face and track the sun along a single axis while a pipe acts as a receiver is placed
along the length of each trough at its focal length. The heat transfer fluid, oil, water, or molten
salt, is pumped through the trough receiver pipes to collect sun light thermal energy and deliver
it to a heat exchanger system integrated with a steam turbine to generate power. In the dish
collector technology, or Stirling dish technology, presented in Figure 3, sun rays are collected
and concentrated to a receiver at the focal point of a dish shaped mirror reflector. The receiver is
a small power generator unit that is based on a gas turbine or Stirling engine. In the power tower
technology, shown in Figure 4, a field of mirrors directed individually by computerized tracking
systems collect and concentrate sun light toward a central receiver atop of a tower. The heat
transfer fluid is heated in the receiver and pumped to a hot storage tank, if any, for later use or
pumped directly to a turbine integrated heat exchanger to generate electricity from steam.
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Figure 1: The 600 KW solar electric system installation on the Minneapolis Convention Center.
Local installers inspecting PV panels that are part of the District energy St. Paul Solar Thermal
Project. (Minneapolis 1, 2010).

Figure 2: SkyFuel ReflecTech advanced parabolic trough solar collector mirror at a testing
facility at the National Renewable Energy laboratory. (Hicks, 2010).
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Figure 3: The Stirling Energy Systems SunCatcher is a 20-KW solar power system that uses a
38-foot mirrored parabolic dish combined with an automatic tracking system to collect and focus
the sun energy onto a Stirling engine to convert the solar thermal energy into grid quality
electricity. (Hicks, 2010).

Figure 4: This 20 MW Gemasolar concentrating solar power plants, in Fuentes de Andalucia,
Spain, is the first commercial plant in the world to use molten salt thermal storage in a central
tower configuration with a heliostat field. (Glatzmaier, 2011).
4

1.2 The Heat Transfer Fluid and Its Properties
The heat transfer fluid (HTF) is the key element in the CSP that controls efficiency in
power production. High thermal conductivity and high heat capacity are needed to allow an
efficient heat exchanging ability and to ensure longer storage times. Using a heat transfer fluid
with a low melting point allows power generation under cloudy or even rainy weather conditions
where sun light may be present with very limited intensity. A heat transfer fluid with a low vapor
pressure allows an increase in the operation temperature which in turn increases the efficiency of
the power production cycle. This allows a reduction in the storage volumes of the HTF as a small
amount of high temperature fluid produces the same amount of energy as a large amount of
lower temperature fluid. A high thermal stability ensures that neither phase transformations nor
uncontrolled reactions are expected to occur as the heat transfer fluid reaches high temperatures.
Achieving satisfactory thermal properties has a great impact on design, operation, and
maintenance of the CSP.
In addition to the thermal properties, other properties such as viscosity and corrosivity
have to be considered. Low viscosity is desired for easier circulation and efficient surface
contact. A thick and viscous heat transfer fluid may introduce erosion effects within the
circulation system. Low or no corrosivity is desired to ensure safe and efficient usage and storage
of the heat transfer fluid to the maximum life time possible of the system. The corrosion effects
of the heat transfer fluid can significantly alter its composition. The corrosion effects can also
alter the behavior of the system of pipes, containers, and heat exchangers causing a reduction in
heat transfer efficiency in addition to environmental damage that could be caused by structural
failure.
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The ability of the heat transfer fluid to cause corrosion is determined by its chemical
composition and properties, the containers chemical composition, and the operation temperature.
Common heat transfer fluids used for CSP include water, synthetic oil, and molten salts. Each
heat transfer fluid is associated with its own operating conditions and design requirements.
Water, with its known properties, can be used to directly absorb heat and transform to steam with
limited operation temperatures up to 200°C. Synthetic oil can be used to a temperature up to
350°C. While molten salts raise the operation temperatures above the melting point, depending
on the salt type, to about 570°C. As they are used at high operating temperature, the corrosion
effects are more likely to occur between the fused salt and the structural alloy system as
corrosion is accelerated at high temperatures. Therefore, the chemical composition of the molten
salts should be considered relative to that of the alloys used to contain them. This is because the
behavior of the alloy to that of the heat transfer fluid at the operating temperature is important to
understand for better corrosion resistance.
On the other hand, alloys to be used for building the concentrated solar power plants
should satisfy many design and metallurgical aspects of safely containing the heat transfer fluid
without deterioration in their properties. As corrosion is known to modify the alloy properties,
data for the corrosion resistance of the alloy system with the heat transfer fluid must be collected,
analyzed, and understood. The reaction products, kinetics of reactions, and the corrosion extent
are among the most important corrosion data needed. Based on such corrosion data, design,
operation temperatures, materials involved, parts replacement periods, and maintenance costs
information can be collected and calculated.

6

1.3 Objectives
Many commercial alloys such as carbon steels and stainless steels have been
successfully used in industry with satisfactory service outcome in terms of corrosion resistance.
AISI 304 stainless steel (18 wt. % Cr, 8 wt. % Ni) is a member of the 300 stainless steel family
and widely utilized in industry. AISI 304 stainless steel has relatively low cost, is highly
available, and has good mechanical properties ideal for many structural applications.
Furthermore, its high corrosion resistance has added an extra use for AISI 304 stainless steel in
harsh environment. However, the corrosion effects of AISI 304 stainless steel alloy with the heat
transfer fluid, solar salt, is not clearly explored or detailed. In this work, the corrosion behavior
of AISI 304 (18 wt. % Cr, 8 wt. % Ni) is investigated in terms of the kinetics and identification
of the corrosion reaction products with a heat transfer fluid, solar salt. Solar salt is a new heat
transfer fluid composed of the eutectic mixture of a ternary alkali nitrite and nitrates salt with
composition of 53 wt. % KNO3, 40 wt. % NaNO2, and 7 wt. % NaNO3. This solar salt promises
excellent service with its outstanding thermal properties suitable for CSP. In this work, an
identification of the different corrosion products that formed due to interaction between AISI 304
stainless steel and solar salt at 530°C was carried out using X- ray diffraction, scanning electron
microscopy, and transmission electron microscopy.
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CHAPTER TWO: LITERATURE REVIEW
Corrosion by the simplest definition is the gradual destruction of the material as a result
of the reaction with the environment. The verb “corrode” has a Latin origin “corrodere” which
means “to gnaw away”. Corrosion occurs by a chemical or electrochemical reaction of the
materials with their environment leading to change in properties which causes failure. The
environment is the entire surrounding of the material, and it can be a gas, liquid, or solid. Most
corrosion reactions are electrochemical in nature, and caused by successive oxidation and
reduction processes on the metal surface with oxygen or oxidizing agents in the environment
leading to the formation of corrosion products that are different in chemistry and properties than
that of the base metal. An example of an electrochemical reaction mechanism of iron is
illustrated in Figure 5. In the oxidation process of a pure iron atoms exposed to aqueous solution,
pure iron atoms as any other pure material have a high free energy. Therefore, combination with
oxygen to form iron oxides as corrosion products will reduce the total free energy. In an alloy
system of two or more components, the component with the higher driving force, more negative
Gibbs free energy for oxidation, will oxidize while the other components do not. Example of
such behavior is found in stainless steels where only chromium from the alloy combines with
oxygen to form chromium oxide (Cr2O3) layer on the surface of the alloy.
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Figure 5: An illustration of an electrochemical corrosion reaction of pure iron showing the anode
and the cathode of the corrosion cell.
2.1 Corrosion Classifications
There are many classifications of corrosion based on different aspects. For instance,
corrosion can be classified based on the corrosive environment such as sea water induced
corrosion, corrosion in salts or corrosion in soil. Also, corrosion can be classified based on its
chemical or electrochemical nature. Another form of corrosion classification is based on the
appearance. There are eight forms by which corrosion effects on a material can be described and
classified. Those eight corrosion forms are:
1) Uniform corrosion
2) Pitting corrosion
3) Galvanic corrosion
4) Intergranular corrosion
9

5) Dealloyong
6) Crevice corrosion
7) Erosion corrosion
8) Environment induced corrosion such as stress corrosion cracking.
In uniform corrosion, the total surface of the alloy exposed to the corrosive environment
is uniformly and evenly corroded over time resulting in a uniform reduction of dimensions. It is
well described by having the material subjected to approximately the same rate of corrosion over
time. Uniform corrosion is electrochemical in nature, the most widely known form of corrosion,
and it is the relevant form for this investigation.
The behavior of a material with its environment is the controlling factor in corrosion
resistance. Materials behavior can be classified into three categories. There are materials that are
more resistant to corrosive environments, i.e., there is no reaction with the environment
observed. Those materials are called noble materials such as gold, silver, and platinum. The
second category includes materials that are known to react with their environments continuously
to form corrosion products. Those materials are classified as active because their corrosion
products are either soluble in the environment or have less structural integrity which leads to
continuous attack of the base material. An example of such behavior is the rusting noticed on
carbon steel and cast iron. In the third category, there are materials that react with their
environment until dense and insoluble reaction products form. Those corrosion products act as a
protective barrier preventing further reactions of the environment with the base material. Those
materials are known as passive materials such as aluminum, titanium, and stainless steels.
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2.2 Corrosion Rate Measurements and Evaluation
In order to choose an appropriate material to be used for long term application where a
corrosive environment is present, the corrosion behavior with the environment has to be
understood and a database has to be established. Such database can be gathered using laboratory
corrosion tests. There are many laboratory scale tests that can be done for short, accelerated, or
long period to evaluate the materials response to corrosion effects and provide reliable
information on the performance of the candidate materials for design and service. Such
information is then important to establish a corrosion database for materials selection. As the
type of the test and its parameters are always controlled by the environment, there are many
types of laboratory corrosion tests as below:
1) Electrochemical tests
2) Simulated atmosphere tests
3) Salt spray tests
4) Immersion tests
In electrochemical test, a corrosion cell composed of an electrolyte solution, a working
electrode, a reference electrode, and a counter electrodes is established where the material to be
tested is set up as the working electrode. All three electrodes are connected to an electrical
analyzer “potentiostat”. The electrolyte solution represents and simulates the working
environment. A corrosion potential is established among the electrodes as a result of the
oxidation and reduction reactions, and is measured by the potentiostat. Such corrosion potential
is then used to understand the characteristic corrosion behavior of metals and alloys.
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As their name implies, in the simulated atmospheric tests, the sample is subjected to a test
environment identical to real conditions. All possible parameters such as temperature, humidity,
acidicity, and basicity can be controlled in the test machine to simulate the actual working
conditions.
Especially for coatings, salt spray test provides an easy to perform corrosion test to check
metallic or not metallic coatings ability to resist corrosive mediums and to assess coatings ability
for being a suitable final finish of an alloy. A simple salt spray test is done by applying an
amount per unit area of the corrosive material over the exposed surface to be tested. The thermal
barrier coatings that are used as protective coatings for super alloys at high temperatures are
tested and evaluated by spraying of the possible combustion products that may present in turbine
engines such as sodium sulfate and vanadium pentoxide.
Immersion test is the most widely used test method in evaluating corrosion effects.
Immersion test can be divided into three types based on the actual working environment
including total immersion, partial immersion, and alternating immersion. The corrosion damage
is evaluated by measuring the sample weight gain or weight loss over the test time. Alloys and
materials that show a large weight gain or weight loss during their test period are corroded faster
by the environment than other materials with lower weight gain or weight loss during the same
period under the same circumstances. The weight gain represents the total weight of the reaction
products that have accumulated on the sample surface exposed to the corrosive effects. The
weight loss represents the alloy contribution in the weight of the reaction products with the
environment.
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2.3 Materials of Importance: Stainless Steels
Industry utilizes all types of materials. Among those materials are the metallic alloys such
as stainless steels. Stainless steels are a family of iron based alloys with an amount of chromium
up to 30 wt. %. The addition of chromium has provided stainless steels with their corrosion
resistance due to the formation of a chromium oxide (Cr2O3) layer that prevents further
oxidation. Other elements can also be added to the stainless steels such as nickel, aluminum,
niobium, copper, and silicon in order to develop certain properties or microstructures in stainless
steels. The discovery of stainless steels dates back to the early 19th century, but the industrial use
of stainless steels began by 1915 (Davis, 1994).
In general, stainless steels family includes: ferritic stainless steels, austenitic stainless
steels, martensitic stainless steels, duplex stainless steels, and precipitation hardened stainless
steels. Ferritic stainless steels such as AISI 405, 409 and 430 have body centered cubic (BCC)
crystal structure, and are magnetic. Austenitic stainless steels such as AISI 301, 302, and 304
have a face centered cubic (FCC) crystal structure, and are nonmagnetic. Martensitic stainless
steels such as S403, S410, and S414 are known to have a higher strength due to their ability to
develop marteniste phase upon heat treatments. They generally have a body centered tetragonal
(BCT) crystal structure when martensite is present, and are magnetic. Duplex stainless steels
such as S31803 and S32550 contain a mixture of ferrite and austenite phases in the
microstructure. They offer strength with an appreciable amount of ductility. Finally, precipitation
hardened stainless steels such as S13800 and S15500 are able to develop precipitates of a second
phase to improve certain properties. Those stainless steels have precipitates forming elements
such as copper or aluminum.
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In this work, AISI 304 stainless steel is used in order to evaluate its corrosion behavior
with the fused solar salt. The AISI 304 stainless steel is an austenitic stainless steel; it means that
it has appreciable amounts of austenite stabilizers such as nickel. The additions of nickel are
needed to produce austenitic stainless steel because iron based alloys have a BCC crystal
structure at room temperature due to the allotropic transformation of iron below 738°C
(Callister, 2007). Therefore, adding nickel makes AISI 304 stainless steels to have FCC crystal
structure at room temperature. Austenitic stainless steels are nonmagnetic in nature and cannot
be heat treated for hardness and strength improvements. However, strength and hardness for such
alloys can be increased by cold work.

2.4 Fused Salts and Their Corrosion Effects
Fused salts have a high degree of importance in chemical and thermal industry. Many
types of fused salts are used as heat paths in the heat treatment of metals and alloys. Fused salts
are also used in the nuclear industry as a well as the thermal storage applications as a heat
transfer mediums such as in concentrated solar power plants. For applications where pumps,
pipes, and heat exchanges are in contact with the molten salts, the need to study the corrosion
induced by these fused heat transfer fluids began.
Solar salt is a heat transfer fluid used in solar- thermal industry. It has acquired its
distinctive name because of its use in concentrated solar power plants as a heat transfer medium
in the form of a fused liquid salt. It is also known commercially as Hitec®. The chemical
composition of solar salt is 53 wt. % potassium nitrate (KNO3), 40 wt. % sodium nitrite
(NaNO2), and 7 wt. % sodium nitrate (NaNO3). The attractive thermal properties of solar salt
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make it a candidate for many heat transport applications such as the heat transfer medium in
CSP. The ternary solar salt melts at 142°C. This low melting point allows liquidation and
circulation of the heat transfer fluid with minimum solar energy. In addition, solar salt has a high
thermal conductivity, high heat transfer coefficient, high heat capacity, high thermal stability,
low cost, and low vapor pressure (Coastal chemical, n.d).
Those properties provide efficiency in extraction and transport of solar thermal energy.
However, the extent of corrosion that solar salt may induce on the structural material is not fully
investigated
For an alloy or metal in contact with a fused salt, the degree of attack can progress by two
mechanisms. First, the metal or its reaction products can be soluble in the salt. If so, a continuous
dissolution occurs with a linear loss of dimensions with time. Second, the metal can be oxidized
by the fused salt. Then, corrosion products that are insoluble form, and become a barrier against
further oxidation of the base metal, known as passivation effect. Therefore, the degree of
strength of an alloy system to resist corrosion induced by a fused salt is estimated by the ability
to form dense, well bonded, and insoluble corrosion products with slow growth kinetics of the
corrosion layers.
According to Sequeira (2003), the degree of corrosivity of a fused salt can be estimated
considering the following expression:
(1)
Where

refers to the oxygen concentration in the solution and can be represented in

units of molarities, molalities, or mole fraction. Therefore, salts that contain high concentrations
of oxidizing agents are corrosive to metals and alloys. The oxidizing nature of molten nitrite and
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nitrate salts are known to be high due to oxidizing species such as NO-2 and NO-3 (Slusser et al.,
1985). In addition, air can play a major role in accelerating oxidation in open systems.
Despite being strong oxidizers, molten nitrites and nitrates are very good heat transfer
fluids with very desirable thermal properties making them a subject for many corrosion studies.
In corrosion related literature, fused nitrates corrosion effects have been studied with multiple
types of structural materials including steels and stainless steels.
Slusser et al (1985) have carried out series of mass loss experiments to assess the
corrosion resistance of many Fe- Ni- Cr and Cr- Ni alloys in equimolar sodium- potassium
nitrates salt mixture that has a melting point of 220°C. Tests were done in the temperature range
(570°C -705°C) for a test period up to 122 days. Alloy 600 and HASTEALLOY N exhibited low
corrosion rates of 12 -13 mpy after 14 days. On the contrary, Ni alloy 200 and silicon enriched
alloys such as NICROFER 3718 and 330 stainless steel have showed a high corrosion rate that
reached 100 mpy. After the test period, the salt solution showed enrichment of chromium.
Fernandez, Lasanta, and Perez (2012) have tested AISI 304,430 stainless steels and a low
Cr alloy steel ,T22 at 390°C for up to 2000 hours to measure their corrosion rates by gravimetric
methods with saline salt mixture (60 wt. % NaNO3- 40 wt. % KNO3) as a potential heat transfer
fluid being used in solar- thermal power plants. It was concluded that T22 suffers a high weight
gain in comparison to AISI 304 and AISI 430 stainless steels. The result is attributed to the low
Cr content in T22 of 2.25 wt. % that led to the formation of porous surface oxide layers allowing
the salt to penetrate and cause corrosion of the base alloy. A surface layer of Fe2O3 was identified
as a corrosion product on top of compact layer of Fe3O4.
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Bradshaw and Goods (n.d.) from Sandia National Laboratory have exposed coupons of
316 stainless steel to molten salt mixture of (60 wt. % NaNO3- 40 wt. % KNO3) at test
temperatures of 630°C and 650°C under a cover gas of oxygen in a sealed crucible. As per
weight loss approach, 316 stainless steel was found to follow a parabolic growth kinetic up to
630°C. At 650°C, the kinetic seems to have changed to a linear behavior and it was attributed to
the breakdown of the surface corrosion layers that were found to be temperature dependant. At
630°C, it was found that Magnetite has formed on top of a layer of iron- chromium spinel. While
at 650°C, a thick layer of sodium ferrite in addition to spinel formation has been found to be in
contact with the molten salt.
Kruizenga (2011) has analyzed the corrosion effects that 316 stainless steel was subjected
to as a result of contacting molten nitrates salt mixture ( 89 wt. % KNO3- 11 wt.% NaNO3) that
was contained in alumina vessel at a temperature range 350°C – 750°C during a thermal stability
experiment. Over an exposure period of about 2000 hours, 316 stainless steel was corroded in the
form of pitting. Pits were found to primarily rich in potassium oxide and potassium chromates.
As seen in the results from the previous studies, there are scattered data in the literature
that deals with the corrosion behavior of many alloy systems with multiple types and
compositions of nitrates- nitrites heat transfer fluids. The need for a specific analysis to an alloy
system that has encouraging commercial and metallurgical advantages is obviously required.
Also, such analysis has to be done in a correlation to a specific heat transfer fluid that exhibits to
the best extend acceptable thermal and chemical properties to be used in concentrated solar
power plants. A full understanding of the corrosion behavior for an alloy system is then can be
established on comprehensive and step by step analysis.
17

The family of stainless steel alloys is being successfully utilized in industry wherever
good mechanical properties and good corrosion resistance are needed to be combined. AISI 304
stainless steel is one of the most commonly used alloy system with affordable commercial cost.
On the other hand, the thermal properties of the ternary salt mixture, solar salt, suggests that a
good combination can be made between the 304 stainless steel alloy system and solar salt for the
best service possible. Therefore, the comprehensive understanding of the alloy AISI 304 stainless
steel with the ternary solar salt mixture was carried out in this research since it was found to be
important for concentrated solar power plants applications.
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CHAPTER THREE: EXPERIMENTAL DETAILS
The experimental work for this research is intended to investigate the corrosion behavior
of AISI 304 stainless steel in contact with molten nitrates nitrite salt mixture, solar salt. This is
important for construction and operation of concentrated solar power plants. Experimental
procedure required planning and managing preparation of the test samples, preparation of the
corrosive heat transfer fluid, solar salt, and using analytical instruments. This chapter discusses
in details the various preparations and procedures taken for this work.

3.1 Experimental Preparations
3.1.1 AISI 304 Samples Preparation
AISI 304 stainless steel samples were prepared for the corrosion study according to
ASTM-G 31 standard practice. Samples were cut from a sheet stock of the designated alloy by
using an electric saw equipped with diamond coated copper based alloy blades. As seen in Figure
6, six rectangular coupons of AISI 304 stainless steel, 25 mm in length, 10 mm in width, and 1
mm in thickness, were prepared. Each sample was provided with a side hole measuring 4.5 mm
in diameter to be used to hang the sample. A chemical analysis by using X- ray energy dispersive
spectroscopy (XEDS) was carried out in order to quantify the amounts of the various elements
present in the test alloy. The results of the compositional quantification are reported in Table 1 as
the nominal alloy composition.
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Figure 6: Rectangular coupons of AISI 304 stainless steel used in the experiment.

Table 1: Nominal AISI 304 alloy composition (wt. %) measured by X- ray energy dispersive
spectroscopy (XEDS).
Element

C

Ni

Cr

Mn

Si

S

P

Fe

Amount

0.08

7.70

19.20

2.00

0.43

0.06

0.01

Balanced

All test samples were subjected to a series of preparation steps. Preparations started with
manually grinding the surfaces of all samples by using 240 SiC grit paper. This allows samples
to have a uniform surface. Following grinding, samples were cleaned by ultrasonication in
ethanol for five minutes then dried by using a stream of room temperature air.
After corrosion exposure, all samples were subjected to surface morphological analysis
by using the secondary electrons imaging in a scanning electron microscope. Samples were then
cross sectioned to measure the thickness of the corrosion layer as a function of time. The cross
sectioning was achieved by cutting a small piece of each test coupon and mounting it in epoxy.
After mounting, the samples were ground down to eight microns of surface roughness using
silicon carbide (SiC) grit papers ranging from 600 to 1200 SiC particle per square inch.
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Following grinding, the samples were polished down to 0.25 micron using a serious of polishing
media such as alumina and colloidal silica.

3.1.2 Solar Salt Preparation
The ternary components of solar salt were commercially obtained with high purity
standards of reagent grades from the companies Alfa Aesar and EMD Millipore. Solar salt
preparation has been carried out in a series of steps shown in Figure 7. To start, the
corresponding weight percentages of the different components of solar salt were measured using
a digital balance. A total weight of the solar salt mixture has reached 400 gm corresponding to 53
wt. % KNO3, 40 wt. % NaNO2, and 7wt. % NaNO3. The solar salt components were then mixed
and ground together in a ceramic mill. Following mixing and grinding, the solar salt mixture was
placed in an alumina crucible of 250 ml in volume. The mixture was primarily heated for 18
hours at 150°C. This primary heating step allows water to evaporate since all of the ternary
components of solar salt are known to be hygroscopic. Solar salt mixture was subjected to a
secondary heating step at 350°C for 24 hours in order to ensure an extra mixing of all
components as they are molten at 350°C. Upon exposure, the temperature of solar salt mixture
was then raised to the test temperature of 530°C.
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Figure 7: A schematic representation of the solar salt preparation steps.
3.2 Apparatus
The construction of the entire test vessel is shown in Figure 8. An alumina crucible with a
total volume of 250 ml was used to contain the fused solar salt and all six samples during
exposure. With the known inert chemical properties of alumina, it is ensured that undesired
reactions between solar salt and alumina will not occur. The prevention of the undesired
reactions was experimentally planned throughout because such reactions will introduce their
products into the salt, which in turn can modify the salt composition. For the same chemical
inertness reason, a quartz rod and alumina spacers were used as shown in Figure 8 to hold the
samples.
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Figure 8: The actual apparatus used in this corrosion study showing AISI 304 stainless steel
coupons in alumina crucible hanging from a quartz rod and separated by alumina spaces.
3.3 Corrosion Test
In order to simulate the possible working conditions in a concentrated solar power plant,
the entire test apparatus was placed in an electric furnace and was subjected to the test
temperature is 530°C. This temperature is within the upper operational range of solar salt that
extends from 454°C and 538°C (Coastal chemical, n.d). Samples were subjected to test intervals
of 250, 500, and 750 hours. A total of six coupons were prepared to be used, two coupons were
removed from the fused salt mixture after each test interval for corrosion damage evaluation.
Such intervals are long enough to reveal the possible characteristic behavior of AISI 304
stainless steel coupons with solar salt. The test was carried out in a static salt condition, i.e. no
movement of the liquid fused solar salt was introduced during the test. This static salt corrosion
test is intended to simulate the salt actual working conditions in hot storage tanks in CSP. The
entire test apparatus was open to air at 1 atmospheric pressure.
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3.4 Analytical Equipments
For the evaluation of the corrosion damage in samples, several analytical instruments
were utilized. A primary identification of the corrosion phases that have formed on samples
surfaces after each test interval was carried out using X-ray diffraction. Rigaku D/MAX, X- ray
diffractometer, with copper K-α radiation source of wavelength of 1.54 nm was used. A Zeiss
Ultra-55 field emission gun (FEG) scanning electron microscope (SEM) equipped with X-ray
energy dispersive spectrometer (XEDS) was used to examine the cross sections of the samples,
evaluate the surface morphology on each sample, and measure the corrosion layer thickness after
each test interval via image analysis tools. The X- ray energy dispersive spectroscopy (XEDS)
was utilized for elemental analysis, elemental mapping, and elemental quantification.
The high angular annular dark field scanning transmission electron microscopy
(HAADF-STEM) technique was utilized using FEI Tecnai F30 transmission electron microscope
(TEM) equipped with XEDS for verifying and examining the identity of each phase that may be
presented within the entire corrosion layer. Diffraction patterns were acquired for each of the
corrosion phases. Prior to the HAADF-STEM analysis, the HAADF-STEM sample preparation
was carried out using the focused ion beam FEI 200 TEM FIB. A focused beam of Gallium
atoms was used to section a slice of the corrosion layer from the surface of the corroded sample
as seen in Figure 9. A thin layer of platinum was placed on top of the corrosion layer prior to the
ion milling in order to prevent structural damage that may be introduced to the corrosion phases.
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Figure 9: Focused ion beam process (a) slice of corrosion products sliced by Ga beam (b)
removal of corrosion products slice from the corresponded sample surface.
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CHAPTER FOUR: RESULTS AND ANALYSIS
In order to evaluate the corrosion behavior of AISI 304 stainless steel in contact with
solar salt, the experimental plan for this research was presented in chapter three as to be
implemented at test intervals of 250, 500, and 750 hours of exposure to solar salt at 530°C open
to air. Based on this plan, the results and analysis in this chapter will also be reported according
to their corresponding intervals. However, the HAADF-STEM analysis was carried out only for
a sample after 750 hours. The corrosion products were ensured to have reached a considerable
thickness to give a good resolution for distinction of the multiple corrosion phases under the
HAADF imaging.

4.1 General Visual Inspection
After exposure to solar salt, corrosion products have formed on the surfaces of all
samples and the shiny bright silver like appearance of stainless steel was lost. Figure 10 is a
photograph of all the test samples after exposure. A visual inspection of the surfaces of all
samples reveals the formation of a dark brown layer that covered the entire surfaces of each
sample. Salt residue was noticed to remain on the sample surfaces as cooled down from 530°C to
room temperature in static air. This salt residue was then removed by immersing the samples in
room temperature water prior to any analysis.
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Figure 10: The test samples after exposure showing the formation of dark brown surface layer of
corrosion products in addition to salt residue (white particles).
4.2 X- Ray Diffraction Analysis
The first step toward the identification of the corrosion products that have formed on the
sample surfaces after exposure to solar salt was to carry out X-ray diffraction. The collected
XRD patterns corresponding to different test intervals are presented in Figure 11. In the XRD
pattern of the as received alloy, 0 hours, the test alloy exhibits the presence of ferrite phase and
austenite phase, and they are labeled as substrate in Figure 11.
All samples exhibited the formation of three main corrosion phases after exposure, and
they are sodium iron oxide (NaFeO2), iron oxide (hematite, Fe2O3), and chromium iron oxide
(Cr,Fe) 2O3. The formation of these iron based oxides is an indication that the alloy could not
maintain its protective chromium oxide (Cr2O3) scale during exposure. This is attributed to the
dissolution that chromium compounds suffer when in contact with nitrites and/or nitrates salts
(Slusser et al., 1985).
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Figure 11: X-ray diffraction patterns corresponding to different test intervals at 530°C.
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4.3 Scanning Electron Microscopy Analysis
4.3.1 Surface Morphology
By using the secondary electrons imaging of the SEM, the morphology of the corrosion
products was examined as presented in Figure 12. All test samples exhibited the formation of a
rough surface layer. There are clusters of particles of different sizes and shapes that have
occupied the entire surface exposed to solar salt. As presented in Figure 12, each of those
particles is made up of smaller grains. The average diameter of the surface particles is about 500
nm. There are no cracks to be observed which gives an indication that the surface layer could be
cohesive. The development of a protective and dense surface scale can provide protection against
infiltration of the fused salt to cause attack at the base metal.
These surface particles seen in Figure 12 were subjected to chemical identification to
determine their composition. This was carried out using XEDS. A typical XEDS spectrum is
presented in Figure 13. The presence of gold and palladium in the spectrum is from the coating
that is applied to provide electrical conductivity for the sample. Coating the surface is one of the
preparation steps prior to SEM analysis.
As seen in Figure 13, the surface particles typically have a chemistry involving sodium,
iron, and oxygen. This could be due to the presence of sodium iron oxide (NaFeO2) that was
earlier identified via X-ray diffraction. Table 2 is a quantification of the different elements that
compose the particles of the surface layer.

29

Figure 12: Selected surface morphology micrographs of a sample exposed to solar salt after 750
hours at 530°C showing clusters of particles.

Figure 13: XEDS spectrum of the elements present in the particles of the surface layer.
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Table 2: Elemental quantification of the elements present in the particles of the surface layer.
Elements
Na
Fe
O

wt. %
16.17
48.47
35.36

atm. %
18.60
22.95
58.45

4.3.2 Cross Sectional Analysis
AISI 304 stainless steel samples used in this experimental work were subjected to cross
sectional analysis to examine the corrosion layer formed during exposure to solar salt at 530°C.
Scanning electron microscopy (SEM) was utilized to provide backscatter cross sectional images
corresponding to each test interval as presented in Figures 14, 15, and 16.
There are no pits of any type or size on the cross sectional images for all samples. This
eliminates the possibility of pitting corrosion. Also, there is no indication of any attack through
the grain boundaries, and therefore the intergranular corrosion was not observed. This leaves the
uniform corrosion or the general corrosion mode as the only mode of attack.
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Figure 14: Cross sectional micrograph of the bulk corrosion scale after exposure to solar salt for
250 hours at 530°C in air.
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Figure 15: Cross sectional micrograph of the bulk corrosion scale after exposure to solar salt for
500 hours at 530°C in air.
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Figure 16: Cross sectional micrograph of the bulk corrosion scale after exposure to solar salt for
750 hours at 530°C in air.
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4.3.3 XEDS Elemental Maps
XEDS mapping was utilized to further analyze the corrosion scale. Figures 17, 18, and 19
show the elemental mapping of Ni, Cr, Fe, Na, and O for the corrosion scale developed after 250,
500, and 750 hours, respectively.
At all test intervals, oxygen is present everywhere in the entire corrosion scale over the
whole thickness. This result fits with the XRD spectra shown earlier in that all of the corrosion
products are oxides.
Sodium primarily in sodium iron oxide, identified by XRD as one of the corrosion
phases, was found to be highly concentrated near the surface of the corrosion scale. This agrees
with the XEDS analysis presented in Figures 17, 18, and 19 that show enrichment of sodium on
the top surface of the corrosion scale.
The XEDS mapping of iron shows that iron generally occupies the entire corrosion scale.
Iron is in iron oxide, sodium iron oxide, and chromium iron oxide. However, iron distribution as
an element does not seem to be continuous over the thickness of the entire corrosion scale as
seen in the XEDS mapping. At the lower regions, iron is depleted while chromium and nickel are
enriched.
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Figure 17: XEDS elemental mapping from a cross section of a test sample exposed to solar salt
for 250 hours for 530°C.

Figure 18: XEDS elemental mapping from a cross section of a test sample exposed to solar salt
for 500 hours at 530°C.
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Figure 19: XEDS elemental mapping from a cross section of a test sample exposed to solar salt
for 750 hours at 530°C.
4.4 HAADF- STEM Analysis
High angular annular dark field (HAADF) is a powerful tool to show a distinguishable
phases based on atomic number. It was utilized by using FEI Tecnai F30 transmission electron
microscope (TEM) equipped with XEDS in order to see the corrosion phases under study. The
sample chosen to be analyzed by HAADF was subjected to solar salt for 750 hours at 530°C.
After such a long interval, the corrosion phases were expected to develop a considerable
thickness. Figure 20 is a selected HAADF micrograph for a test sample that was subjected to
solar salt at 530°C for 750 hours open to air.
There is a top layer of dark contrast in Figure 20. It is continuous over the top layer of the
bulk corrosion scale with some mixing of this dark contrast material with the region underneath,
the middle region. This top layer should be in direct contact with solar salt during exposure.
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Therefore, sodium iron oxide that was identified by XRD could be the one seen in the top layer
region. The XEDS analysis of the surface also showed enrichment of sodium, iron, and oxygen.
The middle region and the lower region in Figure 20 do not seem to show a considerable
contrast difference. However, in the XEDS maps seen earlier, the middle region had enrichment
in iron, while the lower region had enrichment in chromium. Therefore, the middle and the lower
regions could represent a mixture between iron oxide and chromium iron oxide. Both compounds
were identified by XRD and indicated by XEDS maps through their composing elements.
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Figure 20: A selected HAADF-STEM micrograph showing the corrosion scale regions that
formed on the surface of a sample subjected to solar salt at 530°C for 750 hours.
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In Figure 20, within the alloy substrate near the corrosion scale, grains with some contrast
distinction are observed. The corrosion process may have led to a compositional modification
within the substrate near the interface with the corrosion scale.
Figure 21 is another cross sectional micrograph with points from which XEDS
quantifications were carried out. Table 3 is the XEDS quantification corresponding to the points
in Figure 21. Five regions were identified based on compositional variations. The top layer
region, points 1 and 2, is a region where sodium, iron, and oxygen are highly enriched. This
again matches the previous analysis that sodium iron oxide is occupying the surface. The middle
region, points 3, 4, and 5, is highly enriched in iron and oxygen. Small amounts of chromium
were also observed. This strongly suggests that iron oxide is dominant in the middle region. The
lower region, points 6 and 7, had considerable amounts of chromium, and suggests the presence
of chromium iron oxide solid solution.
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Figure 21: A cross sectional micrograph of a test sample showing the different regions within the
entire corrosion scale as well as the substrate after 750 hours of exposure at 530°C. The upper
layer corresponds to point 1 and 2. Middle layer corresponds to points 3, 4, and 5. Lower layer
corresponds to points 6 and 7. Substrate grains are white corresponding to points 8, 10, and 12
and gray corresponding to 9 and 11.
As earlier mentioned, within the metallic substrate near the corrosion scale, there are
grains with slight variation in contrast. The compositional analysis from the white grains that
correspond to points 8, 10, and 12 in Figure 21 and Table 3, show a depletion of iron and
enrichment of nickel in comparison to the nominal alloy composition. The gray grains
corresponding to points 9 and 11 have higher concentrations of iron than the nominal alloy
composition.

40

Table 3: An elemental analysis (wt. %) of the multiple regions of the corrosion layer and the
substrate seen in Figure 21 after 750 hrs exposure to solar salt at 530°C.
Regions
Top layer
=
Middle layer
=
=
Lower layer
=
Alloy gray region
=
Alloy white region
=
=

Point #
1
2
3
4
5
6
7
9
11
8
10
12

Fe
55.61
59.06
65.36
68.63
69.15
10.79
16.66
89.69
88.75
82.39
79.96
75.40

O
38
38.72
31.31
28.02
25.22
22.35
27.62
0.00
0.00
0.00
0.00
0.00

Na
6.39
2.65
3.32
3.33
2.18
0.00
0.15
0.00
0.00
0.00
0.00
0.00

Cr
0.00
0.00
0.00
0.00
3.45
66.0
53.07
2.70
3.60
6.20
8.86
10.63

Ni
0.00
0.00
0.00
0.00
0.00
0.48
2.47
5.72
5.08
11.36
11.17
13.20

Selected area electron diffraction (SAED) patterns were acquired from the different
regions of the cross section of the corrosion scale. Relevant selected area diffraction patterns are
presented in Figures 22 through 26. Sodium iron oxide that has a rhombohedral crystal structure,
P.S= hR4, is verified by SAED pattern shown in Figure 22. Sodium iron oxide ring pattern was
acquired from the upper region of the corrosion scale corresponding to points like 1 and 2 in the
cross sectional image seen in Figure 21. Iron oxide, hematite, also has a rhombohedral crystal
structure, P.S = hR10, is identified by the SAED seen in Figure 23. This diffraction pattern was
acquired near point 4 of the middle region in Figure 21. The existence of chromium iron oxide
solid solution corresponding to point 6 in Figure 21 is also verified by the SAED shown in
Figure 24. Chromium iron oxide also has a rhombohedral crystal structure with P.S= hR10.
The two distinctive contrasts of the grains within the alloy substrate near the corrosion
scale were examined by SAED. Two grains groups are identified, white and gray. The
corresponding compositions from these two grains revealed that the white regions, corresponding
to points 8, 10, and 12 in Figure 21 and in Table 3, are iron-depleted and nickel-rich. The gray
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grains, corresponding to points 9 and 11 in Figure 21 and Table 3 are iron-rich. The diffraction
pattern acquired from a white grain is shown in Figure 25. This diffraction pattern exhibits FCC
symmetry. On the other hand, the diffraction pattern of a gray grain is presented in Figure 26 and
exhibits a BCC symmetry.
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Figure 22: A SAED pattern corresponds to sodium iron oxide acquired from the upper region of
the corrosion scale seen in Figure 20.

Figure 23: A SAED pattern corresponds to iron oxide, hematite, acquired from the middle region
seen in Figure 20.
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Figure 24: A SAED pattern corresponds to chromium iron oxide solid solution. It was acquired
from the lower region seen in Figure 20.

Figure 25: A SAED pattern corresponds to a white grain in Figure 21. It shows FCC symmetry.
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Figure 26: A SAED pattern corresponds to a gray grain in Figure 21. It exhibits BCC symmetry.
4.5 Corrosion Kinetics
The thickness of the entire corrosion scale at each test interval was measured using
backscatter electron micrographs and image analysis softwares. Figure 27 shows the thickness of
the bulk corrosion scale as a function of exposure time at 530°C. A parabolic behavior is
followed and the alloy is reacting with solar salt at a reduced rate with time. This parabolic
behavior is further verified by plotting the thickness of the bulk corrosion layer versus the square
root of exposure time as seen in Figure 28.
Estimation was made related to the extent of corrosion. The graph in Figure 28 was
linearly extrapolated in order to evaluate the annual corrosion damage. With a value of the
(m2/sec), the linear extrapolation indicated

parabolic rate constant (Kp) equals to

that the corrosion layer would reach a thickness equivalent to 19 μm per year. This estimation is
equal to a corrosion rate of 0.748 mpy at 530°C.
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Figure 27: The corrosion scale thickness as a function of the exposure time at 530°C.

Figure 28: The corrosion scale thickness versus the square root of exposure time at 530°C
showing a direct proportionality for a parabolic behavior. The slop of the graph is the parabolic
rate constant (Kp) that is equal to
(m2/sec).
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CHAPTER FIVE: DISSCUSSION
5.1 The Corrosion Scale Structure
AISI 304 stainless steel samples developed a corrosion scale of multiple oxides due to the
interaction with the eutectic solar salt at 530°C. As presented in Figure 11, the XRD spectra at all
test intervals revealed the formation of three corrosion phases, and they are sodium iron oxide
(NaFeO2), iron oxide, hematite (Fe2O3), and chromium iron oxide solid solution (Cr,Fe)2O3.
The potential location of sodium iron oxide within the bulk corrosion scale was primarily
indicated based on the surface morphological analysis, where grains of different sizes and shapes
were observed and showed enrichment in sodium, iron, and oxygen. The enrichment of sodium
on the surface grains that were in a direct contact with solar salt suggests that sodium iron oxide
occupies the top layer region of the corrosion scale.
By revealing the distribution of the different elements, Fe, Ni, Cr, Na, and O that are
quantitatively different in composing each of the corrosion scale oxides, the XEDS maps at all
test intervals show enrichment of, sodium at the top layer region of the corrosion scale, iron at
the middle layer region, chromium and nickel at the lower layer region. This has further
indicated the location of sodium iron oxide as occupant of the top layer region of the corrosion
scale. In addition, iron oxide is indicated to occupy the middle layer region, while chromium iron
oxide solid solution is indicated to occupy the lower layer region.
The exact location of the different corrosion phases within the bulk corrosion scale was
confirmed based on the selected area electron diffraction patterns acquired from different
locations within the scale. Also, at the interface of the scale and the alloy substrate, two groups
of grains: FCC Ni solid solution and BCC Fe solid solution are observed as white and gray
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respectively. Figure 29 is a micrograph of the corrosion scale with the corrosion phases projected
on their corresponding positions.

Sodium Iron Oxide

Iron Oxide

Chromium Iron Oxide

White Grains (FCC) + Gray Grains (BCC)

Figure 29: HAADF-STEM micrograph of the corrosion scale of a sample subjected to solar salt
at 530°C for 750 hours showing the location of the different corrosion phases within the scale.
With the absence of pits or intergranular attack, the only mode of corrosion that the test
alloy was subjected to is the general corrosion mode. Slusser (1985) has indicated that the
compounds of chromium are soluble in nitrites. But, chromium iron oxide could be identified at
the lower region of the corrosion scale. This indicates that the upper regions of the corrosion
scale is well bonded, pores free, and cohesive enough to prevent the infiltration of solar salt
downward to cause further attack on the substrate.
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5.2 The Formation of the Corrosion Phases
5.2.1 The Formation of Sodium Iron Oxide
As solar salt is an alkali salt mixture, sodium ions are present in high concentrations in
the salt melt. The identification of sodium iron oxide phase on the top region of the bulk
corrosion scale suggests its origin as to be the result of the reaction between sodium ions
provided from the salt melt and iron oxide. Therefore, the predicted series of reactions to
produce NaFeO2 are as follows:
(2)
(3)
Consequently, sodium iron oxide is found to reside on the top region of the bulk
corrosion scale.

5.2.2 The Formation of Hematite
The type of iron oxide identified in this experimental work as a corrosion product is
hematite (Fe2O3). It is one of many iron oxide compounds different from wustite (FeO) and
magnetite (Fe3O4).
The oxidation of iron in AISI 304 stainless steel occurred due to the oxidizing nature of
solar salt as represented by the large concentrations of the oxidizing species such as NO-2 and
NO-3. In addition to the nitrates- nitrite oxidizing ions, having the experiment in air leads to the
increase in the oxygen concentration in the solution which leads to further increasing of the
oxidizing strength of the salt melt. Hematite (Fe2O3) is found to occupy the middle region of the
bulk corrosion scale. The formation hematite occurs due to the inability of AISI 304 stainless
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steel substrate to maintain its protective chromium oxide. Typical series of oxidation and
reduction reactions that led to the formation of the identified hematite are as follows:
(4)
(5)
(6)
Due to those reactions, hematite forms, and occupies a significant portion of the
corrosion scale as indicated by the results of this study.

5.2.3 The Formation of Chromium Iron Oxide Solid Solution
Chromium iron oxide (Cr,Fe)2O3 is a solid solution between iron oxide, hematite, and
chromium oxide. Both compounds have a complete range of solubility over all the composition
range (Besmann et al., n.d). This compound could not be seen as an individual layer within the
bulk corrosion scale, see Figure 29. However, it was firstly identified by XRD spectra, and then
spatially indicated by the XEDS maps that showed enrichment of chromium at the lower regions
of the corrosion scale. Chromium iron oxide was then located and identified by SAED pattern
seen in Figure 24.
The location of (Cr,Fe)2O3 phase at the lower regions of the corrosion scale suggests a
structurally healthy scale. With the known solubility of chromium compounds in nitrites,
chromium iron oxide could still be found at the lower regions of the corrosion layer. This implies
that the upper regions of the bulk corrosion scale occupied by NaFeO2 and Fe2O3 are structurally
cohesive and can provide a sufficient protection by preventing infiltration of solar salt
downward. This conclusion is enforced by finding neither porosity nor cracks in the cross
sectional micrographs.
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5.3 The Substrate Interface
Figure 20 and 21 shows that there are two types of grains in the alloy near the interface
with the corrosion scale. Those grains are classified as white and gray, and they exhibit a
compositional variation that is presented in Table 3. It was mentioned earlier that the as received
substrate contains ferrite and austenite. But, these white and gray grains are next to the interface
and are the result of the corrosion induced compositional modification.
The white grains corresponding to points 8, 10, and 12 in Figure 21 and Table 3 show a
reduction in the amount of iron and consequently nickel enrichment if compared to the nominal
iron and nickel content in the test alloy. The iron-rich corrosion phases suggest that grains in the
substrate form which iron diffuses out to contribute in the corrosion phase’s formation get
depleted in iron. Consequently, nickel becomes the dominant element in these white grains.
The gray grains corresponding to points 9 and 11 seen in Figure 21, and quantified in
Table 3, are found to be iron-rich. Those gray grains could be iron rich because they fall in the
passage way of iron atoms diffusion outward. Chromium in both grain types is at a reduced level
than that of the nominal alloy content. This is because chromium has a higher driving force for
oxidation at all times. Figure 30 is a micrograph of the lower region of the corrosion scale with a
large portion of the substrate where the two contrasting grains, white and gray, are presented.
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Gray Grains
White Grains

Figure 30: The AISI 304 stainless steel substrate interface with the lower portion of corrosion
scale showing the white grains and the gray grains. Sample was subjected to solar salt at 530°C
for 750 hours.
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5.4 Corrosion Kinetics
By plotting the measured thickness of the corrosion scale versus the square root of
exposure time, the direct proportionality seen in Figure 26 indicates that a parabolic behavior of
the growth of the bulk corrosion scale is being followed, i.e. the rate of the entire corrosion scale
growth is reducing with time. The calculated value of the parabolic rate constant (Kp) is equal to
(m2/sec).The corrosion rate estimated by linear extrapolation based on the
corrosion scale thickness measurements is 0.748 mpy at 530°C. Based on this behavior, AISI
304 stainless steel is showing acceptable properties for applications in CSP.
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CHAPTER SIX: CONCLUSION
The corrosion behavior of AISI 304 stainless steel in contact with the eutectic solar salt
mixture at 530°C has been investigated in this work. It is found based on the results of this
experiment that the test alloy could not maintain its protective chromium oxide scale. This is due
to the dissolution that chromium compounds suffer in contact to nitrates or nitrites salts.
Consequently, a scale of multiple iron rich oxides has formed to cover all test alloy surfaces
exposed to solar salt at 530°C. The uniformity in the formation of the corrosion phases indicates
that the general mode of corrosion is dominant in the absence of pitting and intergranular attack.
The corrosion scale that is developed by the test alloy during this corrosion exposure at
530°C is found to be made up of three main compounds, and they are sodium iron oxide
(NaFeO2), iron oxide (hematite, Fe2O3), and chromium iron oxide (Cr,Fe) 2O3. Sodium iron
oxide is found to occupy the upper most layer of the corrosion scale that is in contact with solar
salt. Grains of sodium iron oxide were found to be variously shaped and sized, and found to be
the main features of the surface morphology of all samples. Iron oxide, hematite, is found to
generally occupy the middle region of the corrosion scale that is a significant portion of the scale
thickness. In the lower most region of the corrosion scale, chromium iron oxide solid solution is
found to be the dominant compound.
The properties observed to be shown by the corrosion scale and the distribution of
corrosion phases within the scale indicates a protective behavior. There are no cracks or porosity
to be seen within the scale, which indicates cohesion among the scale constituents. This cohesion
is verified by the formation of chromium iron oxide solid solution at the lower region of the
scale. Chromium iron oxide is soluble in solar salt, but its existence at the lower regions of the
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corrosion scale indicates that the upper regions of the corrosion scale occupied by sodium iron
oxide and iron oxide, hematite, are being effective in preventing solar salt infiltration. That is, a
protective behavior that prevents continuous attacks of the AISI 304 stainless steel alloy
substrate.
As a result of the corrosion scale formation, grains of the AISI 304 stainless steel
substrate that are located at the interface with the corrosion scale experienced compositional
modifications due to this corrosion exposure. This compositional modification is reflected in
white grains found to be iron-depleted and exhibited FCC symmetry, and gray grains found to be
iron-rich and exhibited BCC symmetry. The depletion of iron, causing a consequent Ni
domination, in the white grains is attributed to the diffusion of iron atoms from these substrate
grains to form the corrosion phases that are iron rich compounds. The diffusion of iron through
the gray grains causes enrichment of iron in these gray grains.
Finally, the corrosion kinetics is found to be parabolic in nature as the measured thickness
at test intervals showed a direct proportionality with the square root of exposure time. The
(m2/sec). A linear extrapolation allowed an

parabolic rate constant (Kp) is equal to

estimation of the annual effects of corrosion. The estimated corrosion rate by linear extrapolation
was found to be 0.748 mils per year.
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CHAPTER SEVEN: FUTURE WORK
In order to conduct a comprehensive understanding of the corrosion effects caused by the
eutectic heat transfer fluid, solar salt, to the structural materials used in CSP, other alloy systems
in addition to AISI 304 stainless steels should be considered for corrosion evaluations. It was
concluded throughout this work that the criteria for any alloy system to have a good corrosion
resistance for application in CSP are; the ability to form cohesive, pores free, and insoluble
corrosion products.
The aforementioned corrosion investigation of AISI 304 stainless steel with solar salt at
530°C has concluded an encouraging corrosion resistance characteristics exhibited by the test
alloy. The criteria mentioned above were met by AISI 304 stainless steel when exposed to solar
salt at 530°C. However, extra corrosion tests should be conducted at different temperatures
rather than 530°C. This will widen the scale of understanding and allows a better comprehension
of the corrosion behavior of AISI 304 stainless steel alloy with solar salt.
Other alloys of the stainless steel family members such as ferritic, martensitic, and
precipitation hardened, should also be examined for corrosion evaluation. Corrosion rates can
then be calculated and documented for each alloy and used for CSP structural designs.
Regarding other alloy systems, nickel based alloys should be considered and tested to
evaluate their ability to resist attack by solar salt. These alloys are utilized successfully in
extreme environments such as in turbine engines, where they are provided with good corrosion
resistance due to many metallurgical and structural modifications. The ability of Ni based alloy
to form nickel oxide (NiO) should be tested to evaluate if it could meet solar salt corrosion
needs.
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Refractory based alloys are another category of alloys with properties qualify them for
harsh environments utilization. These alloys have encouraging thermal resistance properties of
high melting points and oxidation resistance. Corrosion tests should be conducted for those
alloys in contact with solar salt which may lead to a potential use of these alloys in CSP, for
example in the central receivers.
Aluminum rich alloys may also offer protection and a potential use to contain solar salt
in CSP. Aluminum oxide (Al2O3) is one of the most stable oxides and can be utilized to offer
corrosion protection.
Coatings are another form of protection that is used as a final finish of alloys for
corrosion protection. Similarly, coatings could be utilized to provide protection against solar salt
induced corrosion especially if it is adhesive to its substrate, chemically inert, such as a coating
of a ceramic material, or forms insoluble reaction products.
On the other hand, the composition of the HTF can be monitored for any changes that
would cause a reduction in the heat transfer quality. The corrosion process can introduce its
reaction products into the fused salt, hence, altering its composition. Therefore, a parallel thermal
analysis of the fused salt can be made in coincidence with the corrosion evaluation since the
thermal properties are most important to consider in choosing a suitable HTF.
Another important factor to consider related to the HTF applications is the covering
atmosphere. In this research, solar salt was open to air at 530°C. Therefore, solar salt induced
corrosion should be studied under other types of atmospheres such as a cover of argon or
nitrogen. Thus, changes in the corrosion behavior and the HTF properties should be documented
correspondingly.
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